ABSTRACT: This study aimed to evaluate the relationship between preoperative lateral meniscal extrusion (LME) and arthroscopic findings of lateral meniscus posterior root tear (LMPRT) in knees with anterior cruciate ligament (ACL) tear. Thirty-five knees that had LMPRTs with concomitant ACL tears on arthroscopy were evaluated. Patients were divided into two groups, partial and complete root tears, via arthroscopic findings at the time of ACL reconstruction. For comparison, we added two groups, using the same database; 20 normal knees (normal group) and 20 ACL-injured knees without LM injury (intact LM group). We retrospectively measured preoperative LMEs using magnetic resonance imaging (MRI). Twenty-three knees had partial LMPRTs. Complete LMPRTs were observed in 12 knees. The average LME was À0.1 AE 0.4 mm in the normal group, 0.2 AE 0.5 mm in the intact LM group, 0.4 AE 0.8 mm in the partial LMPRT group, and 2.0 AE 0.6 mm in the complete LMPRT group. A significant difference in preoperative LMEs was observed between the complete LMPRT group and the other groups (p < 0.001). The receiver operating curve analysis, which distinguishes a partial tear from a complete tear, identified an optimal cut-off point of 1.1 mm for preoperative LME. This LME cut-off had a sensitivity of 100% and specificity of 83% for complete LMPRT. We found that preoperative LMEs were larger in complete LMPRTs associated with ACL injuries than in partial LMPRTs. Our results suggest that preoperative MRI-detected LME may be a useful indicator for estimating LMPRT severity in ACL-injured knees. Level of evidence: Retrospective comparative study level IV. 
Anatomical and biomechanical studies have shown meniscal root integrity is essential to their function. [1] [2] [3] [4] [5] [6] [7] Injuries of the meniscal attachments can lead to meniscal extrusion, decreased tibiofemoral contact surface, increased cartilage stress, and ultimately, articular degeneration. 3, 8 Meniscal posterior root tears typically result in the loss of meniscal circumferential hoop stress. Allaire et al. 4 found, in a biomechanical study, that there was no difference between the peak tibiofemoral contact pressures after either total medial meniscectomy or medial meniscus (MM) posterior root tear (MMPRT). Similar effects after lateral meniscus (LM) posterior root tears (LMPRTs) have been reported. [5] [6] [7] In a human cadaveric study, detachment of the LM posterior root resulted in a significant increase in peak contact pressure of 49% and a significant decrease in the maximum contact area of 33%. 6 LMPRT generates substantial alterations in contact area and pressures at the lateral knee compartment for flexion angles between full extension and 90˚. 7 Furthermore, long-term follow-up studies have indicated that the outcome of lateral meniscectomy is much poorer than that of medial meniscectomy. [9] [10] [11] Therefore, surgical repair is often indicated for LMPRTs. [5] [6] [7] 12 LMPRTs have been identified as a combined injury with anterior cruciate ligament (ACL) ruptures in 7-12% of patients. [13] [14] [15] [16] [17] Among patients with a tear of the ACL, male sex, and a contact injury mechanism are more common with an associated LMPRT. 18 LM root injury further destabilizes the ACL-deficient knee, thus, advancing the concept that the LM is a secondary stabilizer of the knee under pivot-shift loading. 19 According to biomechanical studies, a transtibial pullout suture repair of LMPRT can restore the tibiofemoral loading profile to the intact state, and repair of an acute LMPRT at the time of ACL reconstruction has been recommended by several authors. [5] [6] [7] 12 Therefore, repair of LMPRT may play an important role in the prevention of knee osteoarthritis development after ACL reconstruction. However, it is difficult to diagnose LMPRT by physical findings alone.
Magnetic resonance imaging (MRI) is an important tool for evaluating meniscus integrity. In the detection of LMPRTs using MRI, sensitivity is 0.600, specificity is 0.903, positive predictive value is 0.181, and negative predictive value is 0.984. 20 Additional findings to aid LMPRT diagnosis with MRI should improve diagnostic accuracy. Although extrusion of the MM is one of the indicators for MMPRT, LM extrusion (LME) has not been demonstrated to be an indicator of LMPRT. Pula et al. reported, in a case-control study, that LMPRTs did not appear to result in meniscal extrusion on MRI at the time of acute ACL injuries. 21 However, LMPRT severity was not considered in this study. According to a classification system based on tear morphology, meniscal root tears were classified into five tear types: type 1 tears are partial stable meniscal tears within 9 mm of the center of the root Conflict of Interest: The authors declare that they have no conflict of interest. Ethical approval: This article does not contain any studies with human participants or animals performed by any of the authors. Correspondence to: Takayuki Furumatsu (T: þ81-86-235-7273; F: 81-86-223-9727; E-mail: matino@md.okayama-u.ac.jp) attachment, type 2 tears are complete radial tears within 9 mm of the center of the root attachment, type 3 tears are bucket-handle tears with meniscal root detachment, type 4 tears are complex oblique meniscal tears extending into the root attachment, and type 5 tears are avulsion fractures of the meniscal root attachment. 22 In the case of complete LMPRT, the LM is displaced radially under a compressive load and further radial displacement of the LM is observed in combination with posterior meniscofemoral ligament (MFL) deficiency. 23 Based on these findings, we hypothesized that the extent of preoperative LME would be associated with LMPRT severity in ACL-deficient knees. The purpose of our study was to investigate the relationship between preoperative LME and arthroscopic evaluation of LMPRT in ACL-injured knees.
METHODS
This study was approved by our Institutional Review Board, and patients provided informed consent prior to participation. We retrospectively collected data from the medical records of patients who were surgically treated for ACL tears at our hospital from April 2007 to July 2017. Two reviewers independently extracted the data by performing a retrospective review of operative reports and arthroscopic videos to document the tear morphology and location. Thirty-five knees (from 16 men and 19 women) that had LMPRTs with concomitant ACL injuries were identified and evaluated. Using the meniscal root tear classification system, 22 patients were divided into two groups, partial (type 1) and complete (types 2-5) LMPRTs, via arthroscopic findings at the time of ACL reconstruction ( Fig. 1a and b) . Patients with radiographic knee osteoarthritis involved in the Kellgren-Lawrence grade 2 or more in the medial, lateral, and/or patellofemoral compartments and a previous history of the LM injury or knee surgery were excluded from the study. For comparison, we added two groups; 20 normal knees and 20 ACL injured-knees without LM injury, which were randomly selected from the same data base. Age, sex, height, body weight, and body mass index (BMI) were recorded for each patient as well as the interval from injury to MRI, from MRI to surgery, and from injury to surgery. ) and axial T2-weighted fat suppression (TR/TE, 3500/60) with a 90˚flip angle. The slice thickness was 3 mm with a 0.6-mm gap. The field of view was 18 cm with an acquisition matrix size of 512 Â 358. 24 The LME was measured as the distance from the lateral edge of the tibial plateau cartilage to the outer border of the LM (Fig. 2) , using the digital caliper function of a picture archiving and communication system (PACS). LME measurements were obtained in the midcoronal plane by linking the coronal and sagittal image series. 25 The LME was evaluated independently by two reviewers using the PACS. The mean value of each observer's measurement was obtained. Both intra-and interobserver reliabilities were excellent [intra-class correlation coefficient (ICC)>0.89] for each measurement.
MRI Measurements

Evaluations of the LMPRTs
We performed a retrospective review of arthroscopic videos at the time of ACL reconstruction to identify the type of LMPRTs in accordance with the morphological classification. 22 
Statistical Analysis
The mean AE standard deviation (SD) was calculated for each group. A Kruskal-Wallis test was used to compare the differences among the three or four groups, and an additional Steel-Dwass test was used to compare the differences between each group. The chi-square test was used for gender comparison. p values < 0.05 (two-tailed) were considered significant. Correlation between LME and duration from injury to MRI was evaluated using Spearman's rank correlation analysis. According to a power analysis, a sample of 11 
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partial LMPRTs and five complete LMPRTs would provide 80% power for preoperative LME. Post hoc power analysis revealed that, with an alpha of 0.05, a power of 0.99 was achieved for the differences between the partial and the complete LMPRT group in preoperative LME. Statistical calculations, power analyses, and the receiver operating curve (ROC) construction were performed using EZR-WIN. The optimal LME cut-off associated with the degree of LMPRT was determined using ROC and by calculating the Youden index (J). LME measurements were completed by two independent orthopedic surgeons to determine interobserver reliability using the ICC. Each observer repeated the measurements with a 4-week interval to determine intraobserver reliability.
RESULTS
From April 2007 to July 2017, a total of 225 ACL ruptures were identified in 225 patients (129 male, 96 female) with a mean age of 25 years (range, 13-54 years) at a single center (Table 1) . We found 46 patients who had LMPRTs with concomitant ACL injuries on arthroscopy, representing 20.4% of all ACL reconstructions during the study period. Of the 46 LMPRTs, 10 patients (six partial tears and four complete tears) were excluded because they underwent an ACL reconstruction more than a year after injury and one patient with a complete LMPRT was excluded because he also had a radial tear in the LM anterior segment; therefore, 35 LMPRTs in 35 patients remained to be classified by the morphology classification system. 22 Twenty-three knees (13 male and 10 female patients) were included in the partial LMPRT group, and 12 knees (three male and nine female patients) were in the complete LMPRT group. Patients in the complete LMPRT groups included three radial tears (type 2), two bucket-handle tears (type 3), and seven oblique tears (type 4). There was no avulsion fracture (type 5). No patient from the two groups had a complex tear of the LM. Two patients in the partial LMPRT group and three patients in the complete LMPRT group showed radiographic osteoarthritic changes in the medial compartment consistent with the Kellgren-Lawrence grade 1, with the remainder a grade 0. There were no patients who had osteoarthritic knees in the lateral and/or patellofemoral compartments. The relevant clinical characteristics of patients in each group are reported in Table 1 .
In MRI evaluations, the preoperative LMEs were larger in complete LMPRTs associated with ACL injuries than in the intact ACLs and menisci, the intact lateral menisci with ACL injuries and the partial LMPRTs with ACL tears (p < 0.001, Fig. 3) . No patient showed an LME ! 3 mm. For the LME measurement, the ICC for intra-observer reliability ranged between 0.895 and 0.976, and 0.990 and 0.993 for inter-observer reliability. No significant correlation was observed between LME and duration from injury to MRI in the complete LMPRT group (R 2 ¼ 0.07; p ¼ 0.77, Fig. 4 ). The ROC analysis identified the optimal cut-off point of the preoperative LME as 1.1 mm. This LME cut-off value had a sensitivity of 100% and specificity of 83% to the complete LMPRT (Fig. 5) . When a cut-off point is set as 1.5 mm, it had a sensitivity of 82% and specificity of 83%. We detected the MFLs in 12 knees with partial LMPRT and in five knees with complete LMPRT on preoperative MR images. Figure 2 . MRI-based measurement of the LME (right knee). MRI, magnetic resonance imaging; LME, lateral meniscal extrusion; LFC, lateral femoral condyle; LTP, lateral tibial plateau. 
DISCUSSION
The most important finding of our study was that preoperative LMEs were larger in complete LMPRTs associated with ACL injuries than in partial LMPRTs with ACL tears, although preoperative LMEs in partial LMPRTs with ACL tears were not larger than that in the intact ACLs and menisci and the intact lateral menisci with ACL injuries. If the preoperative LME is more than 1.1 mm, we should consider complete LMPRT and prepare to perform meniscal root repair. Several studies have reported that the presence of the LMPRTs does not indicate the increase of LMEs on MR images at the time of acute ACL injuries. 13, 21 In patients with ACL tears and LMPRTs, the average LME was 0.8 mm, and in the ACL-injured patients with intact LM, the average LME was 0.5 mm. 21 However, Brody et al. 13 demonstrated that LMPRT and radial tear of the LM posterior segment could induce MRI-measured LME (> 1 mm) in ACL-deficient knees. In this study, an LME>1 mm was present in 23% of the patients that had LMPRT with concomitant ACL injury, and 2.2% had normal LM with ACL insufficiency. These findings suggest that an excessive LME may not always be caused by LMPRT with concomitant ACL injury. In our study, partial LMPRT occurred more frequently than complete LMPRT in ACL-deficient knees. Because partial or incomplete root tears have some continuity to the tibial insertion, they would be much more stable than complete root tears. The predominance of partial LMPRTs may have resulted in preventing the post-traumatic increase of the LMEs on the past MRI measurement studies in ACL-deficient knees.
ACL insufficiency may lead to an abnormal anterior translation of the tibia and result in an incompatibility of the tibiofemoral contact mechanism. 19, 26 The relative position of the tibia to the femur becomes internally rotated in the ACL-deficient knee. 19, 26 These positional mismatches between the tibia and femur can induce degenerative changes in the meniscus and knee joint cartilage. 19, 26 We previously demonstrated that preoperative positions of the MM and LM Figure 3 . Preoperative LME. Dots denote the preoperative LMEs of each knee. Horizontal bars indicate the average LME of each group. The mean AE standard deviation (SD) is included at the bottom of each group. There was a significant difference between the complete LMPRT group and the other three groups ( Ã p < 0.01). LME, lateral meniscal extrusion; LMPRT, lateral meniscus posterior root tear. Figure 4 . Correlation analysis between the preoperative LME and duration from injury to MRI in the complete LMPRT group. Dots denote the preoperative LMEs of each knee with complete LMPRT. No significant correlation was observed (y ¼ À0.020Â þ 2.1, R² ¼ 0.07; p ¼ 0.77). LME, lateral meniscal extrusion; LMPRT, lateral meniscus posterior root tear. Figure 5 . The optimal cut-off for the preoperative LME. This cut-off value (1.1 mm) had a sensitivity of 100% and specificity of 83% for the complete LMPRT. LME, lateral meniscal extrusion; LMPRT, lateral meniscus posterior root tear.
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could be altered by ACL reconstruction using MRI assessments. 24, 27, 28 Several authors report that ACL reconstruction itself can restore the multiple biomechanics of the knee including the tibiofemoral contact area and meniscal shift. [29] [30] [31] These findings suggest pathological extrusion of the LM may be influenced not only by LMPRT but also by ACL deficiency. We consider that LMPRT severity and preoperative tibiofemoral contact position may cooperatively regulate the amount of LME. Further investigations such as evaluating tibial rotation and anterior translocation are needed to clarify the effect of the ACL status on the post-traumatic LME.
The prevalence of LMPRTs (20.4%) is higher than that of past studies. We think there are two reasons for this discrepancy. The first reason is that we included not only complete LMPRTs but also partial LMPRTs. Two previous studies 16, 17 did not include partial LMPRTs. We had 17 complete (7.6%) and 29 partial LMPRTs (12.9%). This prevalence of complete LMPRTs is not very high compared to previous study. The second reason is that we evaluated LM status not by MRI, but by arthroscopic video. The accuracy of diagnosis by MRI does not reach that of arthroscopy. In previous studies, 13, 14 patients were diagnosed with LMPRTs using MRI, so they might have missed some LMPRTs, in particular partial tears. Incidence of LMPRTs may be better understood in future with further studies.
A past study reported that male sex is one of the common risks of LMPRTs with ACL tears. 18 The authors dealt with only 22 LMPRTs with ACL injuries, which included 18 males and four females. In our study, we found complete LMPRTs with ACL tears in three males and nine females and partial LMPRTs with ACL injuries in 13 males and 10 females. This majority of female in complete tears does not match with the past study. But numbers of patients in both studies are inadequate. Further studies should be required to determine the risk about gender.
A posterior root tear of the MM often causes a severe medial extrusion (>3 mm) of the MM on coronal MR images. 32 However, the amount of LME is usually less than that of the MM extrusion. In our study, the maximum LME was only 2.9 mm in the patient who had type 3 LMPRT with ACL injury. This may be caused by several factors such as anatomical and biomechanical differences. The mean pressure of the lateral compartment was approximately 60% of that of the medial compartment of the knee. 33 The lateral tibial plateau has a convex shape and load might be supported mainly by articular cartilage. In addition, the LM is stabilized by the MFLs to some extent that are observed in the knee with a high percentage (81-100%). [34] [35] [36] [37] The MFLs prevent excessive LME under axial load in the case of an LMPRT and assist the LM in transmitting a certain amount of stress in the lateral compartment. 13, 21, 23 But we believe that MFLs would not have an enough effect on stabilizing the LM when we have a complete LMPRT, that is, complete LMPRTs would cause LMEs whether MFLs are torn and/or absent. In our study, we detected intact MFLs in 12 out of 23 knees with partial LMPRT (52%) and five out of 12 knees with complete LMPRT (42%) on preoperative MR images. MFL injuries can cause the progression of LME, 12, 13, 37 and the LME involved in type 3/4 LMPRTs may be largely influenced by the status of the MFLs. LMPRTs with intact MFLs are often observed in the type 2 LMPRT. 22 In our study, type 2 tears were observed in three knees and the major injury was type 4 tear (seven knees). Further investigations are warranted to understand the precise function of the MFLs in LMPRTs.
LIMITATIONS
There were several limitations to this study. First, this was a retrospective study. Second, the status of the MFLs was not fully evaluated. Previous studies show that the LM would not tend to be extruded because of the presence of the MFLs that can be stabilizers of the LM posterior root, even in the knees with LMPRTs. 13, 20, 37 Third, the internalexternal rotational position of the tibia during acquisition of the MRI data might have affected the LME measurement. Coronal images were scanned parallel to the posterior condyles of the femur, but the rotational orientation of the tibia about its long axis can vary considerably between and within subjects. Vassalou et al. 38 reported that the mean tibial internal rotation relative to the femur was 10.7 AE 4.8˚in acute ACL-injured knees on axial MR images. 38 It means that rotation of coronal MR images might be also slightly different from each other in ACL-injured knees. However, we consider that the variation of coronal images in terms of tibial rotation might hardly affect our results because the LME measurements were performed in the true mid-coronal plane of each LM. Further study is required to determine the actual diagnostic value of LME in ACL-deficient knees.
CONCLUSIONS
In conclusion, this study demonstrated that preoperative LMEs were larger in complete LMPRTs associated with ACL injuries than in partial LMPRTs with ACL deficiency. The optimal cut-off value for the preoperative LMEs was 1.1 mm for predicting the presence of complete LMPRTs that required additional meniscal repairs. Our results suggest that preoperative MRImeasured LME can be a useful indicator for estimating the severity of the LMPRT in ACL-injured knees.
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